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A windowlcss vacuum ultraviolet monochromator and mass spectrometer are combined 
for the study of photoionization processes in the energy range 2000 to 600 A (6 to 21 eV). 
Details of the apparatus and techniques of operation are given and results are reported 
for an initial study of acetylene, acctylene-c^, benzene, and benzene-d 6 . Ionization energies 
of 11.406 and 11.416 eV are obtained for the lir u electron of C 2 H 2 and C 2 D 2 , respectively. 
Vibrational levels of the ground state of the ion are observed with quantum intervals of 
1855 cm~ 1 (C 2 H 2 ) and 1775 cm _1 (C 2 D 2 ). Ionization energies for the ei g (ir) electron of C 6 H 6 
and C 6 D 6 are determined to be 9.24 2 and 9.24 5 eV, respectively. Quantum intervals for 
vibrational levels of the ground state ions are apparently equal for the two isotopic molecules 
and estimated to be 800 cm -1 . A second onset of ionization is observed at 11. 5 3 eV for 
C 6 H 6 and at 11. 5 9 eV for C 6 D 6 . Results agree well with spectroscopic data. 

1. Introduction 



Nearly monochromatic photon beams have been 
used for many years [I] 1 to study photoionization 
processes in low-pressure gaseous systems. The 
recent addition of mass spectrometric techniques 
[2,3] to identify unequivocally the ions produced in 
the photoionization process has obviated any uncer- 
tainty in the chemical composition and has shown 
that, at least in principle, considerable information 
can be obtained on the upper energy states of poly- 
atomic molecules and the dissociation processes of 
ions [4]. 

In surmounting the experimental difficulties of 
combining vacuum ultraviolet spectroscopy and 
mass spectrometry, Hurzeler et al. [2] used a lithium 
fluoride window to isolate a hydrogen-discharge 
photon source from the high- vacuum regions of 
the monochromator and mass spectrometer. Thus, 
although the photon source included a broad energy 
range, the absorption of the window limited the 
measurements to wavelengths longer than 1040 A 
CEK11.9 eV). 

Weissler et al. [3] used no windows in their appa- 
ratus but employed a repetitive low-pressure spark 
to produce a widely spaced line spectrum. For some 
of the molecules studied, the lack of a sufficient num- 
ber of emission lines in the vicinity of an onset of 
ionization prevented establishing that onset to better 
than ±30 A (±0.5 eV). Also, the presence in the 
mass spectrometer of background gases from the 
photon source resulted in undesirable effects on ion 
formation. 



*This work was supported in part by Project Defender of Advanced Research 
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i Figures in brackets indicate the literature references at the end of this paper. 



A combined mass spectrometer-vacuum ultraviolet 
monochromator designed to avoid the above diffi- 
culties was recently completed and is being applied 
to the study of photoionization processes in the 
energy range 2000 to 600 A (6 to 21 eV). Details 
of the arrangement, the method of operation and the 
results of some observations on acetylene and ben- 
zene are given in the following sections. 2 

2. Experimental Details 

Measurements were made by means of the appa- 
ratus shown schematically in figure 1. A photon 
source (X), a vacuum ultraviolet monochromator 
(M), and a mass spectrometer (N) are combined 
essentially in the manner first described by Hurzeler 
et al. [2]. An important exception, however, is the 
complete absence of absorbing windows to isolate 
high pressure regions from the monochromator and 
mass spectrometer. Thus, the entire vacuum ultra- 
violet region is accessible. 

2.1. Monochromator 

The Seya-Namioka type [5] instrument with a 1-m 
focal length was built to specifications by the Mc- 
Pherson Instrument Co., Acton, Mass. The photon 
exit arm to which the mass spectrometer is appended 
is nonmagnetic stainless steel. Usual materials are 
used elsewhere. Three optical entrance slits, sized 
50, 100, and 500 /x, &re mounted on a turret located 
at Si (fig. 1) which can be rotated from outside the 
vacuum. 



2 A brief announcement of this work appears in J. Chem. Phys. 40, 2034 (1964). 
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Figure 1. Schematic diagram showing the arrangement of 
photon source (L), monochromator (M), mass spectrometer 
(N), slits (S), and pumping ports (P). 

Sl, photon source slit, 0.3X6 mm; Si, Si, entrance and exit optical slits, 0.1X10 
mm; £2, S3, differential pumping slits, 2X4 mm and 4X5 mm, respectively; S 5 , 
ion defining slit, 0.5X10 mm. Pl, 8 1/s mechanical pump; P u 400 1/s Heraeus- 
Roots, 80 1/s forepump; P 2 , 700 1/s oil diffusion, 80 1/s forepump; P 3 , 1400 1/s oil 
diffusion, 40 1/s forepump; P i} P 5 , liq. N2 traps, Hg diffusion and forepumps. 



The concave, tripartite grating (Gr) supplied by 
Bausch and Lomb contains 600 grooves per mm in a 
ruled area 56X96 mm. It is blazed for 1500 A and 
coated with magnesium fluoride. With the grating 
in place, the first-order dispersion of the mono- 
chromator is stated by the manufacturer to be 16.6 
A/mm. The grating is rotated manually or at any 
one of 12 scanning speeds by a synchronous motor. 
The wavelength is read from a counter coupled di- 
rectly to the grating drive. Adjustments are pro- 
vided for correcting the linearity and the calibration 
of the scale. Wavelengths can be selected manually 
to better than 1 A when traveling in one direction. 

The monochromator is provided with two differ- 
ential pumping ports (Pi, P 2 ) separated by slits (S 2 , 
S 3 ), and located immediately behind the entrance 
optical slit (Si). Pi is evacuated by a 400 1/s (at 
1 torr) 3 Heraeus-Koots pump; P 2 , by a 700 1/s (at 
10" 3 torr) oil-diffusion pump. Each is backed by an 
80 1/s (free air) mechanical pump. The grating 
chamber is evacuated (P 3 ) by a 1400 1/s (at 10~ 3 
torr) oil-diffusion pump backed by a 40 1/s mechani- 
cal pump. Freon or water-cooled baffles, suitable 
gate valves, and vacuum gages are provided at each 
port. Seals in high-vacuum regions are made with 
O-rings fabricated of fluorocarbon elastomer. Other 
O -rings are made of Buna-N. 

The base pressure of the monochromator is about 
3 X 10- 7 torr. With hydrogen at a nominal pressure 
of 10 torr flowing into Gi and with slit sizes as indi- 
cated in figure 1, the system maintains a pressure 
differential of 10 5 between photon lamp and mono- 
chromator chamber. With the lamp operated at 
higher pressures (>100 torr), additional pumping is 
provided at P L by means of an 8 1/s (free air) 
mechanical pump. This results in a pressure 
differential of 10 6 between lamp and monochromator. 



U torr- 1/760 atm-133.32 newtons-meter-2 (N/m2). 



2.2. Mass Spectrometer 

Analysis and detection of the photoions is accomp- 
lished by means of a conventional 15-cm radius of 
curvature, single focusing, sector-field instrument 
fabricated of Inconel and stainless steel. All vacuum 
seals are gold wire O-rings. The ion-source housing 
and analyser tube are separated by the ion defining 
slit (S 5 ) and are separately pumped through 5-cm 
gate valves, by liquid nitrogen traps and mercury 
diffusion pumps. The untrapped speed of the 
diffusion pumps is reported by the manufacturer to 
be 50 1/s at 10~ 3 torr. Under conditions indicated 
above, the pressure differentials between lamp and 
ion source and between lamp and analyser tube are 
of the order of 10 8 and 10 9 , respectively. Thus with 
a lamp pressure of 400 torr, the pressure in the 
analyser tube of the mass spectrometer is about 
4 X 10" 7 torr. 

The ion-source housing and analyser tube are 
supported by the photon exit arm of the monochro- 
mator. Locating pins in the vacuum flanges main- 
tain appropriate alinement of the photon beam, ion 
source, and analyser. The optical exit-slit mount is 
electrically insulated from the monochromator. The 
slit assembly is attached to the ionization chamber 
by screws thereby forming one wall of the chamber. 
The slit assembly (and ionization chamber) is 
attached to the mount by means of a self-locating 
dovetail connection. Interchangeable slit assem- 
blies to match the entrance optical slits are available. 

Figure 2 is a photograph of the detached ion 
source showing the ionization chamber and the ion 
accelerating and focusing plates. The dovetailed 
exit optical-slit assembly forming one wall of the ioni- 
zation chamber is visible in the right foreground. 
The sample inlet tube and a filament assembly and 
anode used for electron impact measurements are 
removed for the photograph. 

Figure 3 shows the ion-source housing with the 
cover plate removed and the source mounted in 
place. The direction of the photon beam is toward 
the observer and approximately perpendicular to 
the plane of the photograph. The large slit in the 
center permits the diverging photon beam to leave 
the ionization chamber without striking metal 
surfaces until it reaches the photon monitor mounted 
on the coverplate. The photoions are accelerated 
out of the ionization chamber and toward the right 
of the figure. The chosen geometry of the system 
(orientation of photon slit relative to ion slits) re- 
sults in ease of construction and alinement. Un- 
fortunately, it also results in a smaller usable 
ionization volume compared with that in the geom- 
etry used by Hurzeler et al. [2]. 

Gas samples are admitted to the ionization cham- 
ber by means of an all-metal gas handling system, 
a 2-liter reservoir, and gold pinhole leak. Mass 
analysis is performed at a constant ion accelerating 
voltage of 2 kV by varying the magnetic field. The 
latter, set to focus a selected ion at the collector, is 
monitored by means of a Bell model 240 incre- 
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Ionization chamber and ion accelerating plates. 



The photon slit in the wall of the ionization chamber is just visible in the 
dovetailed mount. Two threaded rods are the ion-repeller connections. 
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Figure 3. Ion-source housing with cover removed to show the 
mounted ionization chamber and ion accelerating plates. 

The photon beam leaves the ion chamber by the large rectangular slit and 
strikes the detector mounted on the cover plate. Photoions are accelerated 
toward the right of the figure. The pumping port at the bottom of the housing 
and the gas-inlet tube at the top are visible. In use, a flexible Teflon tube con- 
nects the gas-inlet tube with the ionization chamber. 



mental gaussmeter and recorded by a strip-chart 
recorder. Ion currents are measured with an elec- 
tron multiplier, amplifier, and scaler. Maximum 
ion currents are of the order of 100 counts/s or 
10" 17 A. Within 20 A (-0.2 eV) below threshold, 
maximum background currents are of the order of 
1 count/s. 
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Figure 4. Tracing of the recorded photoelectric current from 
the photon detector as a function of wavelength for a d-c 
hydrogen discharge at a pressure of a few torr. 

Entrance and slits are 100/* and the scan rate is 100 A/min. 



2.3. Photon Source 

Two types of lamps are used as photon sources. 
The first is a Hinteregger type similar to that de- 
scribed by Huffman, Tanaka, and Larrabee [6]. 
In operation, highest commercial purity cylinder 
gases without further purification enter through 
G x and exit through the differential pumping ports. 
The discharge is excited by charging energy storage 
capacitors from an unregulated high-voltage d-c 
supply through a current-limiting resistor. For 
hydrogen at a pressure of a few torr, a steady 
operating current of 250 mA is obtained with about 
600 V across the lamp. Figure 4 is a tracing of the 
photoelectric current from the photon detector as 
a function of the wavelength. The spectrum is 
scanned at the rate of 100 A/min. Entrance and 
exit optical slits are 100 /x and no correction is made 
for the photoeletric efficiency of the detector. 
The Lyinan-a line is easily identified and the rela- 
tively broad energy range of 1500 to 900 A (8 to 
14 eV) shown here indicates the general usefulness 
of this source of radiation. However, the large and 
frequent changes in photon intensity with wave- 
length characteristic of the many-lines emission 
spectrum superimposed on the Lyman continuum 
is a definite disadvantage. 

Contrary to the above, the well-known rare-gas 
continua [7, 8, 9] provide comparatively uniform 
intensity with wavelength, although over shorter 
energy ranges. A recent study [6] has given details 
of best conditions for producing the helium con- 
tinuum using a d-c discharge. 

Tanaka and Zelikoff [10] first used microwave 
excitation in a windowless tube to obtain an emission 
continuum in xenon. Subsequent work [11] appeared 
so promising that a windowless microwave source 
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Figure 5, Tracing of the recorded photoelectric current of the 
photon monitor as a function of wavelength for the argon 
continuum at 400 torr. 

Slits are 100m and the scan rate is 100 A/inin. 



was constructed for the present research. A 13-mm 
o.d. Vycor tube with 1-mm walls was sealed by 
means of epoxy resin into a hole drilled through the 
center of a water-cooled aluminum-alloy flange. 
The flanged end of the tube was terminated by a 
0.3X6-mm slit in a thin stainless-steel sheet. The 
lamp was mounted with the slit end a few milli- 
meters in front of the entrance optical slit of the 
monochromator. With argon flowing through the 
lamp at about 400 torr, the discharge is excited by 
a Raytheon model PGM-100, 2450 MHz, 250 to 
800 W, cw generator. Figure 5 shows a tracing 
of the continuum recorded for 100-/1 slits at a rate 
of 100 A/min. The useful range in the present 
experiments extends from 1400 to 1070 A (8.8 to 
11.6 eV). Small impurity peaks are usually ob- 
served and serve as convenient fiducial points for 
calibration of the wavelength scale. The stability 
of the lamp as measured by the photon intensity 
at any point on the continuum was usually better 
than ±1 percent at least during the time required 
to obtain the ion count. 

Figure 6 shows a tracing of the argon doublet 
resonance lines at 1066.7 and 1048.2 A obtained at 
low pressure (a few torr) to check the resolving 
power of the monochromator. The lines are scanned 
at a rate of 10 A/min using 100-/x slits. The apparent 
half-width of the lines is about 2 A which is consist- 
ent with a resolving power of 1.7 A calculated from 
the slit dimensions. The actual line width, of 
course, is much narrower. 
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Figure 6. Tracing of the photoelectric current of the photon 
monitor as a function of wavelength for the argon doublet 
resonance lines at low pressure (a few torr) . 

The slits are 100/z and the scan rate is 10 A/min. The wavelength scale is un- 
corrected. 



2.4. Photon Detector 

Initial measurements were made using a sodium 
salicylate-coated photomultiplier tube [12]. How- 
ever, the quantum efficiency of the coating was 
apparently affected by exposure to hydrocarbon 
samples or residual pumping vapors and it was 
discarded in favor of a photoelectric detector. The 
cathode of the latter was made from a tungsten 4 
sheet 10X40X0.1 mm taken from the laboratory 
stock and cleaned chemically. The anode was 
several 0.1-mm Nichrome wires mounted close to 
the surface and biased +45 V with respect to the 
cathode. The photoelectrons leaving the cathode 
were measured by means of a vibrating reed electrom- 
eter and recording potentiometer. The detector 



4 In preliminary experiments, cathodes were made of a variety of metals in- 
cluding rhenium, platinum, nichrome, and gold. No significant advantages 
over tungsten were observed. 
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was enclosed in an open-mesh grid to shield it from 
the ion accelerating field in the ion source. Never- 
theless, there remained the possibility of accelerating 
photoelectrons into the ionization chamber. This 
was shown to be of negligible importance by changing 
the field penetration, and introducing auxiliary 
electric and magnetic deflecting fields. 

Although the quantum efficiency of photoelectron 
emitters varies with the wavelength, the general 
form of the function is known for many metals 
[1, 13]. Alternatively, the function may be ap- 
proximated from an assumed or measured photo- 
ionization efficiency curve. Previous workers have 
used the photoionization of NO for this purpose [2 J. 
In the present work, the relative quantum yield was 
assumed to follow the curves for untreated tungsten 
[14, 15]. In addition, the absolute yield at two 
wavelengths was estimated (probably within a 
factor of 2) by the following separate experiment: 
A krypton resonance lamp similar to that described 
for xenon by Wilkinson and Tanaka [11] and the 
photon detector used in this work were mounted at 
opposite ends of a cell containing parallel-plate 
electrodes for ion measurement [16]. With the cell 
evacuated, light from the resonance lamp operating 
at an arbitrary intensity was allowed to strike the 
detector and the photoelectric current was measured. 
Without disturbing the lamp, the cell was filled with 
NO under conditions of nearly total photon absorp- 
tion [16, 17,]. Thus, the observed ion current between 
the electrodes was taken as a measure of the total 
number of photons entering the cell. The resultant 
nominal ratio of electrons/photon was one election 
for 10 3 photons. From the above measurement it 
was also possible to estimate that with a bandwidth 
of 2 A, a maximum photon flux of 10 12 quanta/s was 
produced at the entrance slit of the monochromator 
with the present windowless photon sources. 
Furthermore, with the same resonance lamp in place 
of the regular photon source of the monochromator, 
it was observed that the maximum photon flux 
through the ionization chamber was of the order of 
10 10 quanta/s. 

2.5. Experimental Procedure 

Briefly, a photoionization efficiency curve is ob- 
tained as follows: The photon source is excited and 
allowed to run for several minutes. The photo- 
electric current-versus-wavelength curve is obtained 
for the emission spectrum of the source, noting the 
apparent wavelengths of identifiable lines. Using 
a photon energy well above ionization threshold, 
the ion beam is focused at the ion collector. The 
grating is then turned to about 20 A below threshold 
for the first observation, taking about 100 counts 
per point up to threshold. Usually 5000 or more 
counts are taken for each point above threshold. 
Thus the probable counting error of each point in 
this region is about 1.4 percent. The photon in- 
tensity and magnetic field strength are continuously 
monitored and recorded. The sample pressure is 
noted periodically and a correction for pressure drop 
in the sample reservoir is applied to the final data. 



2.6. Materials 

Ordinary acetylene, with a purity of 99.6 percent, 
as stated by the supplier, was obtained from 
the Matheson Company. Ordinary benzene was 
research-grade material from the laboratory stock. 
Acetylene-rf 2 and benzene-c? 6 were obtained from 
Merck, Sharpe, and Dohme, Montreal and had a 
stated iso topic purity of 99 atom percent D. Mass 
spectrometric analysis confirmed this value and 
indicated a comparable chemical purity. 

3. Results and Discussion 

3.1. Acetylene 

Photoionization efficiency curves for the C 2 H 2 + and 
the C 2 D 2 + ions of acetylene and acetylene-^ obtained 
by means of the hydrogen discharge as a photon 
source are shown in figures 7 and 8, respectively. 
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Figure 7. Photoionization efficiency curve for the C 2 H 2 + ion 
of acetylene obtained by means of the hydrogen discharge as a 
photon source. 

Thresholds of Ionization are indicated in angstroms and electron volts. All 
photoionization yields are in arbitrary units. 
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Figure S. Photoionization efficiency curve for the CoD 2 + ion 
of acetylene-d 2 obtained in the same manner as figure 7. 
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The photoionization yield (ions/photon) is plotted as 
a function of the wavelength in angstroms. The 
equivalent energy in electron volts is also given. 
The more fundamental property, the photoionization 
cross section, could not be determined under the 
conditions of these experiments. However, Nichol- 
son [18] has shown that even for moderate absorption 
the resulting error in plotting the photoionization 
yield is small. 

The first sharp rise in both curves is interpreted as 
the onset for the 0-0 transition for the lowest energy 
electron. Following Nicholson, the point of steepest 
ascent is chosen as the ionization energy. For 
acetylene, the arithmetic mean of five determinations 
of the first ionization energy is 1087.0 ±0.6 A or 
11.406 ±0.006 eV where the uncertainty is the 
computed probable error for a single determination. 
For acetylene-c^, the analogous values are 1086.0 
±0.6 A or 11.416 ±0.006 eV. 

Two Rydberg series in the vacuum ultraviolet 
absorption spectrum of acetylene were identified by 
Price [19]. Both series lead to an ionization energy 
of 11.41 eV. An identical value is reported by 
Watanabe [20, 21] using photoionization without 
mass analysis. 

An ionization potential of 11.40 V for C 2 H 2 was 
reported by Lossing, Tickner, and Bryce [22] using 
an electron-impact method. These authors also 
reported the value of 11.39 V for I(C 2 D 2 ). However, 
they considered the ionization potentials of the 
isotopic molecules to be indistinguishable within the 
limits of their measurement (ca 0.1 V). From the 
present measurements it is apparent that the ioniza- 
tion energy of C 2 D 2 is greater than that of C 2 H 2 by 
about 0.01 eV as is expected from differences in 
zero-point energy. 

The general shapes of the ionization efficiency 
curves for the two molecules are similar. In both 
cases, the first onset is followed at nearly uniform 
intervals by several well-defined onsets. For C 2 H 2 + , 
the intervals are approximately 0.23 eV or 1855 
cm" 1 . For C 2 D 2 + , the intervals are not entirely 
consistent but appear to average about 0.22 eV, or 
1775 cm -1 . These ionization potentials are sum- 
marized in table 1. 

Wilkinson [23] has obtained high resolution absorp- 
tion spectra for acetylene and acetylene-rf 2 in the 
vacuum ultraviolet. Four electronic transitions 
were identified. One of these, designated 3R, is of 
a Rydberg type and probably involves a linear upper 
state. The v 2 (carbon-carbon stretching frequency) 
of the 3R state was found to be 1848 cm" 1 (0.23 eV) 
for C 2 H 2 and 1720 cm" 1 (0.21 eV) for C 2 D 2 . The 
agreement with the vibrational intervals shown in 
the figures and in table 1 is very satisfactory. Fur- 
thermore, the relative intensities of the vibrational 
steps observed in the present work are entirely 
consistent with Wilkinson's observations. The 
simple vibrational structure and the apparently 
equally spaced vibrational levels indicate a linear 
ground state of the ion as suggested by Wilkinson. 



Table 


1. 


Summary 


of 


ionization energies J or 
acetylene-d 2 


acetylene and 


Orb 


ital and vibrational transition 


Ionization energy 




C 2 H 2 


C2D2 


IttkO-O 


eV 

a 11. 406 ±0.006 

bll.63 ±0.05 

11.86 ±0.05 

12. 1 ±0. 1 


eV 
a 11. 416 ±0.006 


0-1 


bll.62 ±0.05 


0-2 . 


11.87 ±0.05 


0-3- _ . 


12. 1 ±0. 1 







a Arithmetic mean and computed probable error for five independent measure- 
ments. 

t> Arithmetic mean and maximum deviation from the mean. 



The ground-state electronic configuration of acety- 
lene can be expressed [24] as: 

C 2 H 2 : (a 9 ls c y(a u ls c y(2a g y(2a v y^a g ni7r u y, %+. 

It is very probable that the ionization energy of 
the lir u electron is 11.41 eV. However, the ionization 
energy of the 3a g electron is still a matter of conjec- 
ture. Recent calculations [25] result in an approxi- 
mate value of 18.6 eV for the orbital energy of the 
?>o-g electron. An electron impact stud} r [26] using 
simulated conditions of a monoenergetic electron 
beam has not confirmed that value. However, 
Lindholm [27], using charge exchange, has observed 
just two electronic states of acetylene: one appearing 
at 11.4 eV and the other at about 15.5 eV with a 
remarkable gap in the distribution function between 
12 and 15.5 eV. From the present work it is only 
concluded that no optically allowed transition occurs 
at wavelengths above 900 A (E<14 eV) and that the 
ionization energy of the ?>o- g electron is at least 14 eV. 
Furthermore, in the absence of any suggestion of 
autoionized Rydberg terms it is probable that the 
orbital energy is several electron-volts above 14 eV. 

3.2. Benzene 

Photoionization efficiency curves for the C 6 H 6 + 
and the C 6 D 6 + ions of benzene and benzene-rf 6 are 
shown in figure 9. The photon source for wave- 
lengths above 1070 A is the argon continuum. The 
hydrogen emission spectrum is o used for wave- 
lengths between 1070 o and 900 A. Although not 
shown beyond 1035 A, the curves are continuous, 
slowly rising, and essentially smooth to 900 A. 

For the first ionization energy of benzene, the 
arithmetic mean and computed probable error of 
three determinations are 1341.5 ±1.0 A, or 9.24 2 
±0.01 o eV. For benzene-<i 6 , the values are 1341.0 
±1.0 A, or 9.24 5 ±0.01 eV. In both cases, the 
first onset is followed by several onsets ascribed to 
vibrational levels of the ground-state ion. Figure 
10 shows an enlarged-scale plot of the initial portion 
of the curve for C 6 D 6 + . Although less well defined 
than in the case of the acetylenes, the quantum 
intervals for the benzenes are estimated to be 0.1 
eV (^800 cm -1 ) and in the present experiments are 
apparently equal for the two isotopic molecules. 
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Figure 9. a, b. Ionization efficiency curves for the CeHo 4 * ion of benzene and the CeD 6 + ion of benzene-d$ obtained by the use of 

the argon continuum and the hydrogen emission spectrum. 

Threshold energies for the ground-state ions are indicated. 



Rydberg series in benzene were first analyzed by 
Price and Wood [28]. More recently, Wilkinson 
[29] obtained high-resolution absorption spectra of 
benzene and benzene-r/ 6 and identified four Rydberg 
series all converging to the same ionization limits: 
9.247 ±0.002 eV (C 6 H 6 ) and 9.251 ±0.002 eV 
(C S D 6 ). These were assigned to the ionization 
of the lowest energy t electron. The present 
measurements are in good agreement with these 
and with recent photoionization measurements 
made without mass analysis [29]. 

The general shapes of both curves are quite similar. 
A Rydberg term with well-defined vibrational 
structure is o observed in the region of 1180 A (C 6 H 6 ) 
and 1175 A (C 6 D 6 ). The "peak" shapes indicate 
autoionization or predissociation from these levels. 
A less well-defined term or terms appears in the 
region of 1120 A leading to the second ionization 
threshold at 1075 A (11. 5 3 eV) for C 6 H 6 and 1070 A 
(11. 5 9 eV) for C 6 D fi . These observations are gen- 
erally consistent with the recent measurements by 
Tanaka and coworkers [30] and the suggested 
assignment of the second ionization energy to an 



electron from an (a 2u ) ^-electron molecular orbital. 
The general features of an absorption curve of 
C fi H 6 reported by Goto [31] also show similarities 
with the present results. 

From the second ionization potential (11.5 eV) 
and the usual Rydberg equation, series members 
leading to that ionization potential are calculated: 
one to appear at about 1175 A (10.5 eV) and the other 
to appear very close to the first ionization limit. 
Both members have been observed by Price and 
Wood [28]. Wilkinson [29] reports a strong absorp- 
tion doublet for benzene (1342.5 A and 1341.5 A) 
and for benzene-rf 6 (1335.4 A and 1338.2 A) which 
are very close to the onset of ionization. As no 
autoionization peaks are observed at the onset of 
ionization in the present work, it may be concluded 
that these transitions are to a neutral molecule 
rather than to the molecule ion. 

Electron impact studies of benzene [32, 33] have 
given indications of several electronic states above 
the ground state of the ion. At present, the only 
firmly established onset would appear to be that 
of the (a 2u ) 7r-electron at 11.5 eV. 



415 



80 



9.25 9.50 



9.75 



ENERGY, eV 
10.00 10.25 10.50 10.75 11.00 11.25 11.50 If.75 12.00 



•70 - 



60 



50 



^ 40 



30 



2 



10 



C 6 D 6 + 



1340 ^ 1326 ^ l3llA 
9.25eV 9.35eV 9.45 ev 
T T T 




1370 1350 1325 1300 12 75 12 50 12 25 12 00 1175 

WAVELENGTH, A 

Figure 9 — Continued. 



1150 



I 125 



1100 



1075 



1050 



1025 




1350 1325 

WAVELENGTH A 



Figure 10. 
ionization 
vibrational 



Enlarged-scale plot of the initial portion of an 
efficiency curve for the C 6 D 6 + ion showing the 
intervals of the ground state of the ion. 
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Selected Abstracts 

General application of Youden's rank sum test for outliers 
and tables of one-sided percentage points, T. A. Willke, J. 
Res. NBS G&B(Math. and Math. Phys.), No. 2, (Apr- 
June 1964). 75 cents. 

The rank sum test for outliers advanced by W. J. Youden 
provides a method for detecting if the measurement distri- 
bution of any one of a group of objects has a mean signif- 
icantly different from the rest. This paper discusses a 
more general application of the rank sum procedure which 
permits a similar test on other parameters, such as the 
variance, with the same tables. Tables of the critical values 
of the extreme rank sum and the corresponding significance 
levels for one-sided tests are given in this paper to supple- 
ment similar tables for two-sided tests already published. 

Fitting y = px when the variance depends on x, J. Van Dyke, 
J. Res. NBS 68B (Math, and Math. Phys.), No. 2. (Apr.- 
June 1964). 75 cents. 

This paper presents some results concerning the selection of 
a method for estimating the slope of a straight line through 
the origin. For fitting the line y = f3x when the variance of 
y is proportional to x l> , it is well known that the best estimate 
of /3 depends on p. In practice, however, only integer values 
of p would be convenient to work with. One of the esti- 
mators appropriate for p= 0,1,2 would probably be used if 
the value of p were in fact fractional, or if it were only ap- 
proximately known. This paper provides some guides for 
choosing the best among these estimators in a particular 
situation. 

Formulas for the best estimators of j8 and their variances 
are given. Estimators of /3 appropriate for integer values of 
p are compared in the case when /; is not integral, but is 
known, and in the case when p is only approximately known. 
Estimation of the variances of estimators of jS is considered. 
Finally, some results are given on the effect of the spacing of 
the x values on the comparison of the estimators. 

A spectrographic interferometer, R. IT. Lee and J. W. War- 
wick, Radio Sri. J. Res. XBS I S\< ' I 'RSf, «SI), A r f> 7 (duly 
1964). $1.00. 

The paper includes a description of the principal novelties of a 
swept-frequency interferometer operation between 7.6 and. 
41 MHz at the High Altitude Observatory in Boulder, Colo., 
since July 1959. Records of Jupiter's decametric radio 
emission, and of a solar harmonic type III burst are in- 
cluded, with a cursory description of the corner-reflector an- 
tenna system used to feed the receiver. The receiver employs 
unique "minimum detection" circuits to reduce the dele- 
terious effects of telecommunications stations on detection of 
the weak astronomical signals of interest to us. For inter- 
ferometry, the receiver uses an inversion circuit to present 
both negative and positive fringes as darkening on the final 
record, and to sharpen fringe crossovers. 

Shielding against gamma rays, neutrons, and electrons from 
nuclear weapons, A review and bibliography, J. II. Ilubbell 
and L. V. Spencer, NBS Mono. 69 (Feb. 24, 1964), 30 cents. 
The problem of predicting dose rates and of estimating the 
effectiveness of shielding from radiations resulting from 
nuclear explosions is discussed. A number of existing calcu- 
lations and supporting experiments regarding the penetration 
and diffusion of gamma rays, neutrons, and electrons through 
air and bulk materials are summarized. Indications are 
given of gaps in such input information. A selection of 485 
references from the unclassified literature is presented, of 
which 388 are cataloged as to source geometry and energy, 
absorber material and configuration, type of data presented, 
and method of calculation or experimental technique. 



These cataloged references include radiation field studies 
ranging from the point-source infinite-medium situation up 
through such complicated geometries as foxholes, shelters, 
and conventional structures. The other references are of a 
general or review nature or contain input spectral data. 

Inspection of processed photographic record films for aging 
blemishes, C. S. McCamy, NBS Handb. 96 (Jan. 24, 1964), 
25 cents. 

Inspections of microfilms have recently revealed blemishes 
which apparently developed 2 to 20 years after the films were 
processed. Most of the blemishes are small spots, usually 
reddish or yellowish in color, ranging from about 15 to 
150 microns across. These blemishes have been classified 
on the basis of size, shape, color, and character. This publi- 
cation describes and gives colored illustrations of the various 
types, describes the method of observing them, and recom- 
mends sampling procedures for microfilm inspectors. The 
cause, the exact mechanism of formation of the various types, 
and generally accepted preventive measures are not as yet 
known. This publication is intended to promote uniform 
terminology, inspection, and reporting. 

Safe handling of radioactive material, NBS Handb. 92 

(Mar. 9, 1964), 40 cents (Supersedes Handb. 42). 
This handbook presents recommendations of the National 
Committee on Radiation Protection and Measurements. 
It is designed to help the user of radioactive materials to 
handle radionuclides without exposing himself or others to 
doses in excess of maximum permissible limits. It provides 
background material on the principles of radiation protection 
and then gives recommendations on personnel, physical 
safeguards, procedural safeguards, instrumentation, trans- 
portation of radioactive material and radioactive waste 
disposal. 

Synthesis and stability of bismutotantalite, stibiotantalite 
and chemically similar AB0 4 compounds, R. S. Roth and 
J. L. Waring, Am. Mineralogist 48, 1348-1356 (Nov. -Dec. 
1963) 

Bismutotantalite (BiTa0 4 ) and stibiotantalite (SbTa0 4 ) have 
been synthesized by appropriate heating of the mixed oxides 
in sealed Pt tubes. Bismuth trioxide and antimony trioxide 
have been mixed with niobium, tantalum, and vanadium 
pentoxides and the resulting AB0 4 compounds are discussed 
with respect to structure type and stability of the various 
phases. 

Polymorphism of silver iodide, (J. Burley, Am. Mineralogist 
48, 1266-1276 (Nov. -Dec. 1963). 

The polymorphic relationship of silver iodide at atmospheric 
pressure has been reinvestigated using high temperature 
x-ray diffraction, differential thermal analysis and con- 
ductometric techniques. A hexagonal (wurtzite type) and 
a face-centered cubic (zincblende or sphalerite type) phase 
can exist between liquid helium temperature and 147 °C. 
The latter is metastable over this entire range. From 147 °C 
to the melting point at 555 °C a disordered body-centered 
cubic phase is the stable modification. The methods of 
preparation and transformation are summarized and a 
qualitative explanation of phase stabilization is presented. 

Equilibrium T pressures of oxygen over Mn 2 0s-Mn 3 4 at 
various temperatures, E. M. Otto, J. Electrochem. Soc. Ill, 
No. 1, 88-92 (Jan. 1964). 

The equilibrium represented by the equation* 6Mn 2 3 (c) 
= 4Mn 3 O c (c,a)+0 2 has been studied by measuring the equi- 
librium pressures of oxygen over Mn 2 3 — Mii30 4 . From the 
data obtained in the 1132° to 1247 °K range [studied AH° 
and AS° were calculated for the reaction at 1200 °K to be 
41.2 ±1.2 k cal and 32.9 ±1.0 cal/deg, respectively. These 
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constants can be used in the equation 

-4.5758 log p0 2 (atm) =41,200/ T- 32.9 

to relate log p0 2 and temperature of the system in the above 
mentioned range with no appreciable additional error. A 
slight extrapolation showed p0 2 =l atm at 1252 °K. The 
above AH and AS values were converted to 298.15 °K and 
compared with those in the literature. A new entropy 
$°298=36.8 cal/deg for Mn 3 4 and a new heat of formation 
AHf 2 98=— 228.7 k cal for Mn 2 3 are indicated from analysis 
of data in the literature and the present data. This value 
of entropy of Mn 3 4 is higher by 1.3 cal/deg (roughly Rlw2) 
than the value taken from the literature. 

On the relaxation of the hard-sphere Rayleigh and Lorentz 
gas, K. Anderson and K. E. Shuler, /. Chem. Phys. 40, No. 3, 
633-650 (Feb. 1, 1964). 

As part of a study of the relaxation of non-equilibrium sys- 
tems, the (translational) relaxation of a hard sphere Rayleigh 
and Lorentz gas is investigated. A master equation is 
formulated to represent the time variation of the distribution 
function of the sub-system particles and a technique is devel- 
oped for transforming this integral master equation into 
differential Fokker-Planck equations. The Fokker-Planck 
equation for the Rayleigh gas is solved analytically and ex- 
plicit solutions are presented for the relaxation of initial 
Maxwell and initial 5-function distributions of the energy. 
The Fokker-Planck equation for the hard sphere Lorentz 
gas does not appear to be susceptible to an analytical solution 
in terms of orthogonal polynomials, but some general 
properties of the solution have been established. 

Radiation-induced polymerization at high pressures, L. A. 

Wall and D. W. Brown, /. Polymer Set.: PL C, No. 4, 1151- 
1160 (1963). 

Several radiation-induced polymerization reactions were 
investigated at pressures between 5,000 and 17,000 atmos- 
pheres and temperatures between 20 °C and 275 °C. The 
most detailed studies have been with propylene and 
n-tetradecafluoroheptene-1. With both monomers the variation 
of rate of polymerization, R p , with temperature and radiation 
intensity is consistent with a free radical mechanism. The 
maximum number of monomer units converted to polymer 
per 100 electron volts absorbed, G(M), is 108,000 and 7,600 
in the polymerization of propylene and the heptene, respec- 
tively; thus, the kinetic chains are long. However, the 
number-average degree of polymerization, DP n , is low, the 
maximum values being about 75 in both polymerization. 
In the polymerization of propylene, transfer to monomer 
limits DP n ; the transfer constant becomes greater as tem- 
perature increases or pressure decreases. In the polymeriza- 
tion of the heptene, DP n is determined by both transfer and 
termination. In the later polymerization both R p and DP„ 
first increase and then decrease as the temperatures is raised 
at constant pressure because the depolymerization rate 
becomes appreciable at high temperature and reduces the 
observed R v . 

Pyrolysis of polytrifluoroethylene: influence of gamma 
radiation and alkali treatment, S. Straus and L. A. Wall, 
SPE Trans. 4, No. 1, 61-65 (Jan, 1964). 
Pyrolysis in vacuum of gamma-irradiated polytrifluoroethyl- 
ene indicates increased rates of volatilization with increased 
dosage. At the higher radiation doses, the rate curves no 
longer show a maximum but resemble those previously 
obtained with branched poly ethylenes. 

Studies of swelling with acetone indicate crosslinking, which 
increases with radiation dose. It is estimated that for each 
chain fracture caused by radiation there are approximately 
seven crosslinks formed. However, in addition to the cross- 
links a branched structure is also being produced as evidenced 
by the character of the thermal degradation rate curves. 
Alkali treatment of the polymer sensitizes it towards de- 
hydrofluorination and double bond formation. Subsequent 
rate and pyrolysis studies showed the formation of very stable 
residues, indicating a relatively greater thermal stability of 
the main chain. 



Two-crystal scintillation pair-spectrometer, B. Ziegler, J. M. 
Wyckoff, and H. W. Koch, Nuclear Instr. Methods 24, 301- 
315 (Feb. 13, 196 4) . 

A total absorption X-ray spectrometer has been developed 
in which a coincidence requirement selects only those X-ray 
photons that have produced an electron-positron pair near 
the surface of a large sodium-iodide scintillation spectrometer. 
The X-ray energy resolution of the spectrometer that results 
is 2% and the detection efficiency is about 6% for 17.6 Mev 
Li 7 (p,y) rays. Measurements and calculations of resolu- 
tions and efficiencies for 6 to 100 Mev photons are given as 
well as an illustration of the spectrometer application to the 
measurement of synchrotron bremsstrahlung spectra trans- 
mitted by long absorbers. 

The use of an analog computer in side-on arc spectroscopy, 

J. B. Shumaker, Jr., and C. R. Yokley, Appl. Opt. 3, No. 1 9 
83-87 (1964)- 

An analog computer which solves Abel's integral equation is 
described and its application to the side-on spectroscopic 
study of high current arcs is illustrated. By its use radially 
resolved spectra of cylindrically symmetric inhomogeneous 
sources are obtained with the same speed and simplicity as 
are spectra of homogeneous sources. Comparison of NI 
transition probability measurements using this computer 
with those using conventional numerical radial resolution 
techniques indicates that the computer errors are negligible. 

The direct determination of the crystal structure of 

NaB(OH) 4 2H 2 0, S. Block and A. Perloff, Acta Cryst. 16, 
No. 12, 1233-1238 (Dec. 1963). 

The structure of NaB(OH) 4 -2H 2 has been determined by 
direct methods. Three-dimensional Cu Ka single-crystal 
data were used. The space group is PI, Z=2 and the cell 
dimensions are: 



a=6-126±0.008 A 
& = 8.180± 0-008 A 
c =6-068±0.008 A 



«- 67°55'=t07' 
/3=110°35'±07' 

T =101°51':t07' 



The structure consists of discrete tetrahedral B(OH)^ groups 
and octahedrally coordinated sodium ions. An octahedron 
shares two edges to form chains parallel to the [100] direction. 
The chains are linked in the [001] direction by boron tetra- 
hedra to form sheets parallel to the (010) face. Hydrogen 
bonds connect oxygen atoms within the sheet and link the 
sheets into a three-dimensional network. Bond distances and 
bond angles are presented and the application of the direct 
method is discussed. 

Wave functions and oscillator strengths for the lithium iso- 
electronic sequence, A. W. Weiss, Astrophys. J. 138, No. 4, 

1262-1276 (Nov. 16, 1963). 

Hartree-Fock wave functions for the ls 2 2s, ls 2 2p, ls 2 3s, 
ls 2 3p, and ls 2 3d configurations of the lithium isoelectronic 
sequence through Z=10 have been calculated. Oscillator 
strengths for all possible transitions between these levels were 
computed utilizing the dipole length, velocity, and accelera- 
tion forms of the transition matrix element. In addition, the 
2s-2p transition has been calculated using a 45-term con- 
figuration interaction function for both states. 

Thermal expansion of silver iodide, A. Bienenstock and G. 
Burley, J. Phys. Chem. Solids 24, 1271-1278 (Apr. 1963). 
The thermal expansion of silver iodide with the zincblende 
structure has been measured by X-ray diffraction techniques 
in the temperature range 4.2 to 300 °K. Although dependent 
on sample preparation, it is negative to approximately 80 °K, 
positive in the range 80 °K to 110 °K, and then attains a 
constant negative high temperature value. This expansion 
is explained in terms of a model which shows the dependence 
of thermal expansion on structure and bonding. It is shown 
that the primary role of covalency, in its contribution to the 
low-temperature contraction, is to reduce the interaction 
between next-nearest neighbors. The particular form of the 
interatomic interaction appears to contribute primarily to 
the balance between modes with positive and negative 



420 



Gruneisen factors. In the case of Agl, it is the large n in 
the nearest neighbor repulsive interaction, r~ n , which ac- 
counts for the negative high temperature limit. The positive 
thermal expansion at intermediate temperatures is the result 
of transverse optical modes with lower frequencies than 
transverse acoustic modes. 

Some properties of polystyrene networks formed from 
oriented chains, J. C. Halpin and L. Mandelkern, J. Polymer 
Set.: PL B, 2, 139-142 (1964). 

The increase in isotropic length, L\, of highly oriented non- 
crystalline polystyrene fibers was studied so as to compare 
its behavior with that of previously studied crystalline 
polymers such as natural rubber and polyethylene. It was 
shown, as predicted by theory, that the high axial orientation 
imposed on the system prior to network formation, and not 
the crystallization in the polymer, is the prime requirement 
to produce a substantial increase in L\. Subsequent to the 
initial shrinkage, reversible and reproducible length-tempera- 
ture measurements could be made. The glass temperature, 
T g , increases linearly with the degree of crosslinking. 

Pair correlations in closed-shell systems, M. Krauss and A. 
W. Weiss, /. Chem. Phys. 40, No. 1, 80-85 (Jan. 1, 1964). 
Pair function equations have been derived exactly for a 
restricted class of trial functions containing only closed shell 
pair correlations. In a matrix representation, it is shown 
that they reduce to a homogeneous pseudo-eigenvalue 
equation. The results are equally applicable to any set of 
unitarily transformed set of Hartree-Fock orbitals. Com- 
parisons are made with the Sinanoglu scheme, and compu- 
tational problems are discussed. 

Microwave spectrum of lithium chloride, D. H. Lide, Jr., P. 
Cahill, and L. P. Gold, J. Chem. Phys. 40, No. 1, 156-159 
(Jan, 1, 1964). 

The rotational transitions /=0— >1 in the three lowest 
vibrational states of Li 7 Cl 35 and the two lowest vibrational 
states of Li 7 Cl 37 have been measured at a temperature of 
600°-800° C. The molecular constants (in Mc/sec) for 
LFC1 35 are: £ e = 21181.1± 0.1, « e = 240.2 ±0.2, 7e =1.2±0.2; 
those for Li 7 Cl 37 are: B e = 20989.9 ± 0.1, a e = 236.9 ±0.2. 
The internuclear distance is r e = 2.02067 ± 0.00006 A. (The 
uncertainties represent maximum limits of error.) A com- 
bination of the present results with molecular beam electric 
resonance data yields a dipole moment jjl v = 7.075+ 0.0885 
(v+K) D for Li 6 Cl 3,r \ Two high-temperature microwave 
spectrometers of new design are described briefly. A tabula- 
tion of molecular constants for the complete series of alkali 
halide molecules is included. 

Preparation and properties of difluoroborane, T. D. Coyle, 
J. J. Ritter, and T. C. Farrar, Proc. Chem. Soc. (London), p. 25 
(Jan. 1964). 

Difluoroborane (HBF 2 ), the first example of a partially 
fluorinated boron hydride, has been prepared by two routes. 
Some physical and chemical properties characterizing this 
compound are given. 

Antireciprocity and memory in the statistical approach to 
irreversible thermodynamics, R. E. Nettleton, /. Chem. 
Phys. 40, No. 1, 112-116 (Jan. 1964). 

The macroscopic state of a large, closed system is specified 
by the ensemble averages a, of a set of even dynamical vari- 
ables Aj, together with the averages v,- of the quantities 
iLAj, obtained by operating on the A, with the self-adjoint 
Liouville operator L. Phenomenological equations for the 
time rates of change, «, and v „ arc derived by a technique 
due to Zwanzig, in which one operates on Liouville's equation 
with a projection operator which projects out the part which 
is "relevant" to the phenomenological description employed. 
These phenomenological equations are shown to exhibit the 
Onsager-Casimir reciprocity relations, including antisym- 
metry relations whose deviation is found to require a slight 
modification of Zwanzig's mathematical assumptions. Since 
vi=a.j, these equations also show that irreversible thermo- 
dynamics can be extended to the case where second-order 
time derivatives appear representing memory effects, as 
well as nonlinear terms in the <x } , provided the equations are 



still required to be linear in the vj. Furthermore, Onsager's 
equations are obtained while allowing the phenomenological 
matrices to be functions of the variables a,, and not merely 
of constants of the motion. This serves to generalize and 
extend Zwanzig's earlier treatment. 

Infrared spectra of HNC from 2000 to 3000 cm" 1 , A. G. 
Maki and L. R. Blaine, J. Mol. Spectry. 12, No. 1, 45-68 
(Jan. 1, 1964). 

New measurements are reported on eight vibration-rotation 
absorption bands of HCN in the infrared region from 2000 to 
3600 cm -1 . Comparison is made with the [predictions of 
Rank et al and some revisions of rotational constants is found 
necessary. Perturbations due to e-type resonance are taken 
into account and found to be in very good agreement with the 
theory. The splitting of the A energy levels is found to be 
large enough to be observed at microwave frequencies. 

Structure beyond the ionization limit in inelastic electron 
scattering in the rare gases, C. E. Kuyatt and J. A. Simpson, 
Proc. 6th Intern. Symp. Ionization Phenomena in Gases I All, 
33-35 (Paris, 1964). 

The intensity of inelastic scattering of electrons with 500 to 
1000 eV primary energy by rare gases has been examined in 
an electron spectrometer with a resolution of ^0.7eV. At 
energies beyond the first ionization limit, structures localized 
in energy are detected. The structures in argon, neon, 
krypton, and xenon occur in a region a few eV below the Li, 
Mi, Ni, and Oi ionization edges respectively, and probably 
correspond to discrete autoionizing states of the inner electron 
involved. The structure in helium has been discussed 
recently by Fano, and arises from interference between a 
two-electron autoionizing state and a continuum. Because 
energy losses corresponding to extreme ultraviolet transitions 
are easily accessible, electron scattering provides a versatile 
method for the study of effects far out in the continuum. 

Absolute oscillator strengths for Fe I, C. H. Corliss and 
B. Warner, Astrophys. J. Suppl. Series No. 83, VIII, 395-438 
(Feb. 1964). 

Relative #/- values for 2000 lines of Fei between 3100 and 9900 
A from several investigations have been reduced to the 
absolute scale of the National Bureau of Standards tables of 
transition probabilities. They include new observations of 
faint lines in the visible and infrared portions of the spectrum. 

Other NBS Publications 

J. Res. NBS 68B (Math, and Math. Phys.), No. 2 (Apr.- 
June 1964), 75 cents. 

Determinations based on duplication of readings. J. A. 

Speckman. 
General application of Youden's rank sum test for outliers 

and tables of one-sided percentage points. T. A. Willke. 

(See above abstracts.) 
A generalization of Ronnie's inequality. A. J. Goldman. 
On the asymptotic joint normality of quantiles from a 

multivariate; distribution. L. Weiss. 
Fitting y = Px when the variance depends on x. J. Van Dyke. 

(See above abstracts.) 
Existence of k-edge connected ordinary graphs with prescribed 
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